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Atmospheric Neutrinos

Atmospheric� e;� are produced by the interaction ofcosmic rays (p, He . . . )with the
atmosphere
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Atmospheric Neutrinos: Data

� Event Classi�cation

� Neutrino Energies
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Atmospheric Neutrinos: Data

� Event Classi�cation

UPGOING MUONS

e,m

m

m

n nmm

CONTAINED

ne,m

En

m

mn

Fully
Contained

 Partially 
Contained Thru-going

Muon
Stopping 

Muon
0.1 - few GeV few  GeV few 10 GeV few 100 GeV

� Rates for Contained Events

� Complete SKI+II+III+IV data:

-1 -0.5 0 0.5 1
0

100

200

300

400

500

Sub-GeV (e)

-1 -0.5 0 0.5 1
0

100

200

300

400

500

Mid-GeV (e)

-1 -0.5 0 0.5 1
0

100

200

300

400

Multi-GeV (e)

-1 -0.5 0 0.5 1
0

100

200

300

400

500

Sub-GeV (m)

-1 -0.5 0 0.5 1
0

150

300

450

600

750

Mid-GeV (m)

-1 -0.5 0 0.5 1
0

100

200

300

Multi-GeV FC (m)

-1 -0.5 0 0.5 1
0

100

200

300

400

500

Multi-GeV PC (m)

-1 -0.75 -0.5 -0.25 0
0

50

100

150

200

250

Stopping (m)

-1 -0.75 -0.5 -0.25 0
0

200

400

600

800

Through (m)

L� 104 km � 10 km

cos(zenith )

p, He

p , K

m

e

nenm

detector

atmosphere

EARTH

nm

down-going

up-going

zenith
angle

L »1.2´ 104 km

L -~10-30 km

L »104 km

L »500 km

[not to scale]

+-

+- +-

+-



Concha Gonzalez-Garcia

Atmospheric Neutrinos: Data

� Event Classi�cation
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Atmospheric � Oscillation Analysis

(1) Theoretical Predictions:

� The expected number ofcontained events

R � (� l � ) =
X

�

n t T
Z

d2 � �

dE � dc� dh
P�� (E � ; L (c� ; h))

d� (E � )
dE l � dcl �

" (E l � ; cl � )dE � dE � dc� dh

� � � Neutrino Flux h � Neutrino Production Point
d�

dE l dcl
� Neutrino Interaction Cross Section " (E l ; cl ) � Detection E�ciency

� The expectedupgoing-� events:

R � (� )S;T =
Z

d� � (E � ; cos� )
dE � d cos�

A S;T (E � ; � )dE �

d� �

dE � d cos�
=

Z 1

0

d� � �

dE � d cos�
P�� (E � ; L (c� ))

d�
dE � 0

Frock (E � 0 ; E � ; X )NA dE � dE � 0dX

AS;T (E � ; � ) � Detector E�ective Area Frock (E � 0 ; E � ; X ) � Muon Energy Loss in Rock
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Atmospheric Neutrino Flux Calculations

� ATM �ux calculations by several groups, f.e:Bartol: Barr, Gaisser, Lipari, Robbins
Stanev;
Honda: Honda, Kajita, Kasahara, Midorikawa

� All schematically: � � =
X

A

� A 
 RA 
 YA ! �

� A � Cosmic ray spectrum
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ATM � Fluxes: Predictions

Energy and� -type dependence Zenith angular dependence

0

5000

10000

-1 0 1
0

50

100

-1 0 1
0

0.1

0.2

-1 0 1

F
lu

x 
(m

-2
 s

ec
-1

 s
r-1

)

cosQ

En = 0.2 GeV

Honda
Bartol

cosQ

En = 2 GeV

nm + n
_

m

ne + n
_

e

cosQ

En = 20 GeV



Concha Gonzalez-Garcia

Atmospheric Neutrino Production Height
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ATM � Flux Calculations:Comparison
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Atmospheric Neutrino Cross Sections

� CC = � QEL + � 1� + � DIS

� QEL � + ( A; Z ) ! l � + ( A; Z � 1)
Dominant atE � < 1 GeV

� 1 � � + N ! l � + N 0+ �
Important atE � � 1 GeV

� DIS � + N ! l � + X
Dominant atE � > few GeV

lectures by N. Rocco & K. Mahn
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Opening Angle between� and l

n

l
F

� At E < 1 GeV large opening angle)
For sub-GeV events bad correlation between
measuredl direction and distance travelled by�

� At E > few GeVl and� are almost aligned)
measuredl direction gives distance travelled by�
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Atmospheric � Oscillations: Parameter Estimate

SK sub-GeV e-like
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Atmospheric � Oscillation Analysis

(2) Statistical Analysis:
90 (70) data points SKI+II+III+(IV) data:

Sub-GeV e-like and� -like: 10+10 points
Mid-GeV e-like and� -like: 10+10 points

Multi-GeV e-like:10 points

Multi-GeV FC and PC� -like: 10+10 points
Stopping and Thrugoing� 's: 10+10 points

Using 3-dim atmospheric �uxes from Honda

Use “pull” approach for theoretical and systematic errors

� 2 = min
� i
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n =1

0

B
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� i � i
n � Rexp

n
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� 2
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X
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� Flux Uncertainties:

(1) Total normalization:� norm = 20%

(2) “Tilt” error

� � (E ) = � 0(E )
�

E
E 0

� �

� � = 5% E0 = 2 GeV

(3) � � =� e ratio: � �=e = 5%
E independent for contained events

(4) Zenith angle dependence:
� zen;i = 5%hcos� i i

� Cross Section Uncertainties:

(5) � � QE
norm = 15%

(6) � � 1 �
norm = 15%,

(7) � � DIS
norm = 15% for contained

� � DIS
norm = 10% for upward-going�

(8)–(10) � QE ;1�; DIS
i;� �

=� QE ;1�; DIS
i;� e

= 0 :1–1%

� Systematic uncert(from SK pub):

(11) Simulation of had int (contained):
� sys

hadron = � 0:25–1:1 %

(12) Particle identi�cation (contained):
� sys

�=e = � 1:1–1:6%

(13) Ring Counting:
� sys

ring = � 0:75–5:5%

(14) Fiducial Volume:
� sys

f � vol = � 0:3–1:4%

(15) Energy Calibration:
� sys

E� cal = � 0:4–2%

(16) PC/FC norm: (multi-GeV� )
� sys

PC � nrm = 2 :85%

(17) Up-� track reconstruction:
� sys

track = 1 :4–6:4%

(18) Up Ef� and Stop/Thru separation:
� sys

up � e� = 1–1:4%
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Atmospheric 2-� Oscillation Analysis

� Three possible oscillation channels:� � ! � X X = e; �; sterile
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Atmospheric 2-� Oscillation Analysis

� Three possible oscillation channels:� � ! � X X = e; �; sterile

� � ! � e
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Atmospheric 2-� Oscillation Analysis

� Three possible oscillation channels:� � ! � X X = e; �; sterile
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� SKI+II+III+IV data:
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3–� Atmospheric Neutrino Oscillations

� In general one has to solve: i
d~�
dt

= H ~� H = U � H d
0 � Uy + V

H d
0 =

1
2E �

diag
�
� � m2

21; 0; � m2
32

�
V = diag

�
�

p
2GF N �

e ; 0; 0
�

ULEP =

0

B
B
@

1 0 0

0 c23 s23

0 � s23 c23

1

C
C
A

0

B
B
@

c13 0 s13 ei�

0 1 0

� s13 e� i� 0 c13

1

C
C
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B
B
@

c21 s12 0
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0 0 1

1

C
C
A



Concha Gonzalez-Garcia

3–� Atmospheric Neutrino Oscillations

� In general one has to solve: i
d~�
dt

= H ~� H = U � H d
0 � Uy + V

H d
0 =

1
2E �

diag
�
� � m2

21; 0; � m2
32

�
V = diag

�
�

p
2GF N �

e ; 0; 0
�

� The Earth matter potential:V �
e =

p
2GF N �

e ' 7:5Y �
e

� �

1014 g=cm 3 eV
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•c
m

3
L Y � N e

N p + N n
) Y �

e ' 1
2

V �
e;CORE � 4:4 � 10� 13 eV

V �
e;MANTLE � 1:9 � 10� 13 eV

Potential varies along� trajectory) Numerical evaluation of Oscillation Probabilities
) For illustration approximate analytical expresions for constant potential
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3–� Atmospheric Neutrino Oscillations

� In general one has to solve: i
d~�
dt

= H ~� H = U � H d
0 � Uy + V

H d
0 =

1
2E �

diag
�
� � m2

21; 0; � m2
32

�
V = diag

�
�

p
2GF N �

e ; 0; 0
�

� Hierarchical approximation: � m2
21 � � m2

31 � � m2
32 ) neglect� m2

21 in ATM

Pantaleone 94; Used by many ...

Pee = 1 � 4s2
13;m c2

13;m S31

P�� = 1 � 4s2
13;m c2

13;m s4
23 S31 � 4s2

13;m s2
23 c2

23 S21 � 4c2
13;m s2

23 c2
23 S32

Pe� = 4 s2
13;m c2

13;m s2
23 S31

Sij = sin 2

�
� � 2

ij
4E �

L
�

� � 2
21 = � m 2

32
2

�
sin 2 � 13

sin 2 � 13 ;m
� 1

�
� E � V �

e

� � 2
32 = � m 2

32
2

�
sin 2 � 13

sin 2 � 13 ;m
+ 1

�
+ E � V �

e

� � 2
31 = � m2

32
sin 2 � 13

sin 2 � 13 ;m

sin 2� 13;m =
sin 2� 13r

(cos 2� 13 � 2E � V �
e

� m 2
31

)2 + sin2 2� 13
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3–� Atmospheric Neutrino Oscillation: Effect of � 13

Ahkmedov,Dighe,Lipari,Smirnov 99; Petcov, Maris 98; Palomares, Petcov, 03
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� 1 = Pe� �r (s2

23 � 1
�r )

�r = N � 0

N e0

Pe� = 4s2
13;m c2

13;m sin2
�

� m 2
31 L

4E �

sin 2 � 13
sin 2 � 13 ;m

�

sin 2� 13;m =
sin 2� 13r

(cos 2� 13 � 2E � V �
e

� m 2
31

)2 + sin2 2� 13

� Multi-GeV : Enhancement due to Matter

Larger Effect in Normal
Possible Sensitivity to Mass Ordering

� Sub-GeV: Vacuum Osc:Smaller Effect

r ' 2 ) � 23 < �
4 ) s2

23 < 1
2 ) Ne(� 13) < N e0

� 23 > �
4 ) s2

23 > 1
2 ) Ne(� 13) > N e0
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� m2
21 effects in ATM Data

Smirnov, Peres 99,01; Fogli, Lisi, Marrone 01; MC G-G, Maltoni 02; MCG-G, Maltoni, Smirnov hep-ph/0408170

� In general one has to solve: i
d~�
dt

= H ~� H = U � H d
0 � Uy + V

H d
0 =

1
2E �

diag
�
� � m2

21; 0; � m2
32

�
V = diag

�
�

p
2GF Ne; 0; 0

�

� Neglecting� 13:

Pee = 1 � Pe2

Pe� = c2
23Pe2

P�� = 1 � c4
23Pe2 � 2s2

23c2
23

�
1 �

p
1 � Pe2 cos�

�

Pe2 = sin2 2� 12;m sin2
�

� m 2
21 L

4E �

sin 2 � 12
sin 2 � 12 ;m

�

sin 2� 12;m =
sin 2� 12q

(cos 2� 12 � 2E � V �
e

� m 2
21

)2 + sin2 2� 12

� � (� m2
31 + s2

12 � m2
21) L

2E �
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� m2
21 effects in ATM Data
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For Sub-GeV:

Pe2 =
(� m2

21 )2

(2E V �
e )2

sin2 2� 12 sin2 V �
e L
2

� 23 < �
4 ) c2

23 > 1
2 ) Ne(� 13) > N e0

� 23 > �
4 ) c2

23 < 1
2 ) Ne(� 13) < N e0

) Sensitiv to Deviations from Maximal� 23

) Sensitivity toOctant of� 23

(even for vanishing� 13)

) Effect proportional to(� m2
21)2
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Effect of � 13 and � m2
21 Smirnov, Peres 01,03

MC G-G, Maltoni 02
For sub-GeV energies

Ne

N 0
e

� 1 ' Pe2r (c2
23 �

1
r

) + 2 ~s2
13r (s2

23 �
1
r

) � r ~s13~c2
13 sin 2� 23(cos� CP R2 � sin � CP I 2)

Pe2 = sin2 2� 12;m sin2 � m
2

R2 = � sin 2� 12;m cos 2� 12;m sin2 � m
2

I 2 = � 1
2 sin 2� 12;m sin � m

sin 2� 12;m = sin 2 � 12r
(cos 2� 12 � 2E � V �

e
� m 2

21
)2 + sin 2 2� 12

~� 13 � � 13

�
1 + 2E � Ve

� m 2
31

�

S
m

irn
ov

,P
er

es
he

p-
ph

/0
30
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� 23, CP & Ordering: Effect in SK ATM

Latest SK analysis (PRD 2018) yelds:

CPd
0 2 4 6

2 c 
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Free� 13

CPd
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2 c 
D
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20
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90%
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Inverted Hierarchy

Normal Hierarchy

sin 2 � 13 = 0 : 0219 � 0 : 0012

From SK paper:“Small excesses seen between a few

and ten GeV in the Multi-GeV e-like� e and the Multi-

Ring e-like� e and �� e samples drive these preferences”.
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– No pheno group reproduces SK analysis
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Accelerator Neutrinos: Fluxes
� Same production chain as ATM� 's but in controlled enviroment

� Well known initial proton spectrum
� Possible� charge selection
) control�= �� compositon

� Focusing) Increased �ux
� Possible to stop secondary� before decay
) reduced� e beam composition

� Neutrino EnergyO(10� 1) GeV toO(10) GeV

Lecture by K. Mahn
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LBL Accelerator Neutrinos: Events Lecture by P.Vahle

SBL Experiments and Pheno, G. Karagiorgi Lecture

� Unlike in ATM neutrinos direction and production-detecionL is known

) � � (�� � ) disappearance signal
) � e (�� e) appearance signal

gOscillated Backgrounds

� Genericall expected spectrum of CC signal events

R � (E rec ) = n t T
Z

dE �
d� �

dE �
(E � ) P� ! � (E � ; L ) � � (E � ) " � (E rec (E � )) ;
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LBL Accelerator Experiments Lecture by P.Vahle

K2K,T2K:
� � produced in KEK/Tokai (Japan)
detected in SK at� 250 Km

MINOS, NO� A
� � produced en Fermilab (Illinois)
detected in Minnesota at� 800 Km
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LBL Accelerator Experiments Lecture by P.Vahle

K2K,T2K:
� � produced in KEK/Tokai (Japan)
detected in SK at� 250 Km

MINOS, NO� A
� � produced en Fermilab (Illinois)
detected in Minnesota at� 800 Km

Opera:
HE � � produced in CERN
to Gran Sasso at� 730 Km
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Accelerator Neutrinos: Osc Probabilities
� In 2� � � ! � � dominance the relevant survival probability

P�� = 1 � sin2 2� AT M sin2 � m 2
AT M L

4E �

Same dominant effects as for ATM neutrinos
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Accelerator Neutrinos: Osc Probabilities
� In 2� � � ! � � dominance the relevant survival probability

P�� = 1 � sin2 2� AT M sin2 � m 2
AT M L

4E �

Same dominant effects as for ATM neutrinos

� In the 3� scenario one must solve:: i
d~�
dt

= H ~� H = U � H d
0 � Uy + V

H d
0 =

1
2E �

diag
�
� � m2

21; 0; � m2
32

�
V = diag

�
�

p
2GF Ne; 0; 0

�

) H = ~U � H d
m � ~Uy ~U= effective mixing matrix in matter

H d
m = 1

2E �
diag

�
� � � 2

21; 0; � � 2
32

�
= effec masses in matter

� For accelerator neutrinosVe = V �
CRUST � 5 � 10� 14eV

can be taken constant along the� trajectory
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Accelerator Neutrinos: Osc Probabilities
� In 3� scenario the relevant survival probability atL

P�� = � �� � 4
3X

j<i

Re[ ~U?
�i

~U�i ~U�j ~U?
�j ] sin2

�
� � 2

ij L
4E �

�
+2

X

j<i

Im[ ~U?
�i

~U�i ~U�j ~U?
�j ] sin

�
� � ij L

2E �

�

– Not all parameters can be determined simultaneously in� accelator events

– One needs to use external information:
� m2

21 � � m2
31

value of� 12

value or constraint on� 13

) Exact numerically computed probabilities
) For illustration approximate analitical expresions expanded in the small parameters
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� � Disapperance

� In 3� scenario the approximated survival probability

P�� = P�� �� � 1 � sin2 2� �� sin2 � m 2
�� L

4E �

sin2 � �� = cos2 � 13sin2 � 23 ;

� m2
�� = sin 2 � 12� m2

31 + cos2 � 12� m2
32 + cos � CP sin � 13 sin 2� 12 tan � 23� m2

21
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� � Disapperance

� In 3� scenario the approximated survival probability

P�� = P�� �� � 1 � sin2 2� �� sin2 � m 2
�� L

4E �
' 1 � c2

13 sin2 2� 23 sin2 � m 2
31 L

4E �
+ O(s2

13; � m2
21)

� Irrelevant matter effects

� E spectrum of events:
– Locationof osc minimum:

) Determination ofj� m2
32 j ' j � m2

31 j

– Depthat osc minimum:
) Determination of� 23 up to octant

P�� (� 23) ' P�� ( �
2 � � 23)

(At osc minP�� (� 23 ' �
4 ) � 0)
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� � Disapperance

� In 3� scenario the relevant survival probability

P�� = P�� �� � 1 � sin2 2� �� sin2 � m 2
�� L

4E �
' 1 � c2

13 sin2 2� 23 sin2 � m 2
31 L

4E �
+ O(s2

13; � m2
21)

� Irrelevant matter effects

� E spectrum of events:
– Locationof osc minimum:

) Determination ofj� m2
32 j ' j � m2

31 j

– Depthat osc minimum:
) Determination of� 23 up to octant

Present Determination
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� e Appearance

� In 3� scenario the approximated survival probability

P�e ( �� �e) ' s2
23 sin2 2� 13

�
� 31

� 31 � Ve

� 2

sin2
�

(� 31 � Ve) L
2

�

+ ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
cos� cos

�
� 31 L

2

�

� ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
sin � sin

�
� 31 L

2

�
+ : : :(1)

� ij =
� m 2

ij

2E �

~J = c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

) Sensitivity to� 13, octant of� 23, � CP , sign� m2
31 � Ordering
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� e Appearance

� In 3� scenario the approximated survival probability

P�e ( �� �e) ' s2
23 sin2 2� 13

�
� 31

� 31 � Ve

� 2

sin2
�

(� 31 � Ve) L
2

�

+ ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
cos� cos

�
� 31 L

2

�

� ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
sin � sin

�
� 31 L

2

�
+ : : :(2)

� ij =
� m 2

ij

2E �

~J = c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

� Without independent determination of� 13
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� e Appearance

� In 3� scenario the approximated survival probability

P�e ( �� �e) ' s2
23 sin2 2� 13

�
� 31

� 31 � Ve

� 2

sin2
�

(� 31 � Ve) L
2

�

+ ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
cos� cos

�
� 31 L

2

�

� ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
sin � sin

�
� 31 L

2

�
+ : : :(2)

� ij =
� m 2

ij

2E �

~J = c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

� Without independent determination of� 13

(a) � 23 $ �
2 � � 23 ambiguity:

P�� / sin2 2� 23 andP�e ( �� �e) (� 23; � 13; � ) = P�e ( �� �e) ( �
2 � � 23; � 0

13; � 0)
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� e Appearance

� In 3� scenario the approximated survival probability

P�e ( �� �e) ' s2
23 sin2 2� 13

�
� 31

� 31 � Ve

� 2

sin2
�

(� 31 � Ve) L
2

�

+ ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
cos� cos

�
� 31 L

2

�

� ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
sin � sin

�
� 31 L

2

�
+ : : :(2)

� ij =
� m 2

ij

2E �

~J = c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

� Without independent determination of� 13

(a) � 23 $ �
2 � � 23 ambiguity:

P�� / sin2 2� 23 andP�e ( �� �e) (� 23; � 13; � ) = P�e ( �� �e) ( �
2 � � 23; � 0

13; � 0)

(b) (� 13; � ) ambiguity:P�e ( �� �e) (� 13; � ) = P�e ( �� �e) (� 0
13; � 0)
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� e Appearance

� In 3� scenario the approximated survival probability

P�e ( �� �e) ' s2
23 sin2 2� 13

�
� 31

� 31 � Ve

� 2

sin2
�

(� 31 � Ve) L
2

�

+ ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
cos� cos

�
� 31 L

2

�

� ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
sin � sin

�
� 31 L

2

�
+ : : :(2)

� ij =
� m 2

ij

2E �

~J = c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

� Without independent determination of� 13

(a) � 23 $ �
2 � � 23 ambiguity:

P�� / sin2 2� 23 andP�e ( �� �e) (� 23; � 13; � ) = P�e ( �� �e) ( �
2 � � 23; � 0

13; � 0)

(b) (� 13; � ) ambiguity:P�e ( �� �e) (� 13; � ) = P�e ( �� �e) (� 0
13; � 0)

(c) (ordering, � ) ambiguity:P�e ( �� �e) (� m2
31; � ) = P�e ( �� �e) (� � m2

31; � 0)
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� e Appearance

� In 3� scenario the approximated survival probability

P�e ( �� �e) ' s2
23 sin2 2� 13

�
� 31

� 31 � Ve

� 2

sin2
�

(� 31 � Ve) L
2

�

+ ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
cos� cos

�
� 31 L

2

�

� ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
sin � sin

�
� 31 L

2

�
+ : : :(2)

� ij =
� m 2

ij

2E �

~J = c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

� Without independent determination of� 13

(a) � 23 $ �
2 � � 23 ambiguity:

P�� / sin2 2� 23 andP�e ( �� �e) (� 23; � 13; � ) = P�e ( �� �e) ( �
2 � � 23; � 0

13; � 0)

(b) (� 13; � ) ambiguity:P�e ( �� �e) (� 13; � ) = P�e ( �� �e) (� 0
13; � 0)

(c) (ordering, � ) ambiguity:P�e ( �� �e) (� m2
31; � ) = P�e ( �� �e) (� � m2

31; � 0)

+
If only total number of� e, � � , � e and� � at given Lare measured) 8-fold degeneracy



Concha Gonzalez-Garcia

� e Appearance

� In 3� scenario the approximated survival probability

P�e ( �� �e) ' s2
23 sin2 2� 13

�
� 31

� 31 � Ve

� 2

sin2
�

(� 31 � Ve) L
2

�

+ ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
cos� cos

�
� 31 L

2

�

� ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
sin � sin

�
� 31 L

2

�
+ : : :

� ij =
� m 2

ij

2E �

~J = c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

� If � 13 known and someE � information and largeL

(a) Partial� 23 $ �
2 � � 23 ambiguity if � 23 not very non-maximal

P�� / sin2 2� 23 andP�e ( �� �e) (� 23; � 13; � ) ' P�e ( �� �e) ( �
2 � � 23; � 13; � 0)

(b) (� 13; � ) ambiguity:P�e ( �� �e) (� 13; � ) = P�e ( �� �e) (� 0
13; � 0)

(c) Partial(ordering, � ) ambiguity:P�e ( �� �e) (� m2
31; � ) = P�e ( �� �e) (� � m2

31; � 0)
if not long enoughL

�
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� e Appearance

� In 3� scenario the approximated survival probability

P�e ( �� �e) ' s2
23 sin2 2� 13

�
� 31

� 31 � Ve

� 2

sin2
�

(� 31 � Ve) L
2
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+ ~J
� 21

Ve
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� 31 � Ve
sin

�
VeL

2

�
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�
(� 31 � Ve)L

2

�
cos� cos

�
� 31 L

2
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� ~J
� 21

Ve

� 31

� 31 � Ve
sin

�
VeL

2

�
sin

�
(� 31 � Ve)L

2

�
sin � sin

�
� 31 L

2

�
+ : : :

� ij =
� m 2

ij

2E �

~J = c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

Plots taken from J. Wolcott 52nd FNAL users meeting talk

In both plots� 13 � 8� �x
In both plots� 31L � � (osc max)
Left: Ve � � 31 (no matter)
Right: VeL � 0:2 (NO� A)
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Comment on Use of External Info in Accel� Analysis

� Better precision� 23, � m2
31 and� CP when including external information on� 13

� Best� 13 from �� e disapp at MBL reactor exp (Daya-Bay, Reno, DChooz)

Pee ' 1� sin2 2� 13 sin2
�

� m2
eeL

4E

�
� c4

13 sin2 2� 12 sin2
�

� m2
21 L

4E

�

� m2
ee ' j � m2

32 j � c2
12 � m2

21 ' j � m2
32 j � 0:05 � 10� 3 eV2

Nunokawa,Parke,Zukanovich (2005)

) these MBL reactor experiments also determine� m2
31

LBL � � disapp REAC� e disapp

2
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Comment on Use of External Info in Accel� Analysis

� Better precision� 23, � m2
31 and� CP when including external information on� 13

� Best� 13cfrom �� e disapp at MBL reactor exp (Daya-Bay, Reno, DChooz)

) these MBL reactor experiments also determine� m2
31

) It is not the same to use only a prior on� 13

and consistently combine accelerator and reactor results

0
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D
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sin
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sin
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Only � 13 prior

Full combination reactor+accel
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Leptonic CPV in 3� Mixing: Jarlskog Invariant

� Leptonic=CP ) P� � ! � � 6= P�� � ! �� �

� In 3� always

P� � ! � � � P�� � ! �� � / J with J = Im( U� 1U �
� 2

U� 2U �
� 1

) = J max
LEP ;CP sin � CP

J max
LEP ;CP = 1

8 c13 sin2 2� 13 sin2 2� 23 sin2 2� 12
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Leptonic CPV in 3� Mixing: Jarlskog Invariant

� Leptonic=CP ) P� � ! � � 6= P�� � ! �� �

� In 3� always

P� � ! � � � P�� � ! �� � / J with J = Im( U� 1U �
� 2

U� 2U �
� 1

) = J max
LEP ;CP sin � CP

J max
LEP ;CP = 1

8 c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

� Maximum Allowed Leptonic CPV:

J max
LEP ;CP = (3 :29� 0:07) � 10� 2

to compare with

JCKM ;CP = (3 :04� 0:21) � 10� 5

) Leptonic CPV may be largest CPV
in New Minimal SM

if sin � CP not too small
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Leptonic CPV in 3� Mixing: Jarlskog Invariant

� Leptonic=CP ) P� � ! � � 6= P�� � ! �� �

� In 3� always

P� � ! � � � P�� � ! �� � / J with J = Im( U� 1U �
� 2

U� 2U �
� 1

) = J max
LEP ;CP sin � CP

J max
LEP ;CP = 1

8 c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

� Present determination of CP Phase:

0 90 180 270 360
dCP

0

5
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15

D
c2

0 90 180 270 360
dCP

R + Minos
R + NOvA n

R + NOvA n  

R + NOvA (n & n  )
R + T2K
R + LBL-comb

NuFIT 4.1 
IO NO
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Leptonic CPV in 3� Mixing: Jarlskog Invariant

� Leptonic=CP ) P� � ! � � 6= P�� � ! �� �

� In 3� always

P� � ! � � � P�� � ! �� � / J with J = Im( U� 1U �
� 2

U� 2U �
� 1

) = J max
LEP ;CP sin � CP

J max
LEP ;CP = 1

8 c13 sin2 2� 13 sin2 2� 23 sin2 2� 12

� Present determination ofJ :
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3� Mixing: Leptonic Unitarity Triangles

� U unitary) any pair of rows or columns verify
X

i =1 ;2;3

U�i U �
�i = 0 with � 6= � or

X

� = e;�;�

U�i U �
�j = 0 with i 6= j

) Each condition represent a triangle in complex plane
– All 6 triangles are equivalent
– CPV) triangles are not “�at”

� Convenient de�ne a complex variablez = �
U �i U �

�i

U �k U �
�k

or z = �
U �i U �

�j

U i U �
j

) two triangle vertices at(0; 0) and(1; 0) in complexz plane.

H

-1 -0.5 0 0.5 1
Re(z)

-0.5

0

0.5

Im
(z

)

z = - ¾¾¾¾
 Ue1 U

*
e3

 Um1 U*
m3

U e1
 U

*
e3

Um1 U*
m3

U t 1
 U

*
t 3

NuFIT 4.1NO
The equivalent triangle in quark sector
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Alternative Mechanisms in ATM+LBL Oscillations
� Oscillations are due to:

– Missalignment between CC-int and propagation states:Mixing ) Amplitude

– Difference phases of propagation states) Wavelength. For � m2-OSC� =
4� E
� m2

� � masses are not the only mechanism for oscillations

Violation of Equivalence Principle (VEP):Gasperini 88, Halprin,Leung 01

Non universal coupling of neutrinos 1 6=  2 to graviational potential�

� =
�

E j� j�

Violation of Lorentz Invariance (VLI):Coleman, Glashow 97

Non universal asymptotic velocity of neutrinosv1 6= v2 ) E i = m 2
i

2p + vi p
� =

2�
E � v

Interactions with space-time torsion:Sabbata, Gasperini 81

Non universal couplings of neutrinosk1 6= k2 to torsion strengthQ
� =

2�
Q� k

Violation of Lorentz Invariance (VLI)Colladay, Kostelecky 97; Coleman, Glashow 99

due to CPT violating terms:�� �
L b��

�  � � �
L ) E i = m 2

i
2p � bi � = �

2�
� b
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In general � = � E � n
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Fogli, Lisi and Marrone hep-ph/0105139
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ATM � 's: Subdominant NP Effects
Fogli, Lisi and Marrone 01; MCG-G, M. Maltoni hep-ph/0404085

H � �
� m2

4E
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0 1
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A U y
� + � �

n
� � n E n

2
U � n
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@ � 1 0

0 1

1

A U y
� n

;

For Violation of Equivalence Principle

� � 1 = 2 j� j( 1 �  2) � 2j� j�  ; � +
1 = � �

1 :

For Violation of Lorentz Invariance:

� � 1 = ( v1 � v2) � � v ; � +
1 = � �

1 :

For Coupling to a space-time torsion �eld

� � 0 = Q(k1 � k2) � Q � k ; � +
0 = � �

0 :

For Violation of Lorentz Invariance via CPT violation

� � 0 = b1 � b2 � � b; � +
0 = � � �

0
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ATM � 's: Subdominant NP Effects

P� � ! � � = 1 � sin2 2� sin2
�

� m2L
4E
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R cos 2� = cos 2� +
X
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Rn cos 2� n
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� Questions:

– Do these effects affect our determination of oscillation parameters?

– Can we limit these effects?

� Answer:Yes if combine with LBL
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ATM+LBL:Constraints on Subdominant NP Effects
MCG-G, M. Maltoni hep-ph/0404085
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Earth Tomography with Neutrinos

Volkova, Zatsepin (74); Nedyalkov (82); Charpak, Glashow,De Rujula, Wilson, (83)

According to the Merrian-Webster:
Tomography:A method of producing an image of the internal structures of asolid
object (as the human body or the earth) by the observation andrecording of the
differences in the effects on the passage of waves of energy impinging on those
structures

Tomography using the propagation of neutrinos requires:

� A � source with well-known �ux and �avour composition

� A speci�c propagation model with well-known dependence on the matter
structure between the source and the detector

� A well understood neutrino (and large enough) detector
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Whole Earth Absortion Tomography

Kuo, Crawford, Jeanloz, Rommanovick, Shapiro (95); Jain, Ralston, Frticher (99);Reynoso, Sampayo (04)

� The dominant effect at high energy:attenuation

d� � (E; �; L = 2R cos� )
dEd cos�

=

=
d� �; 0(E; � )
dEd cos�

exp[� X (� )(� NC (E ) + � �
CC (E )) ]

X (� ) = NA

Z L =2 R jcos � j

0
� E (

p
R2 + z2 + 2Rz cos� ) dz

(3)

� So it is possible to reconstruct

� (x =
r
R

) = �
1
�

Z �
2

sin � 1 x

d�
p

sin2 � � x2

dX (� )
d�

But requires meassurementsat different baselinesX (� )
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Whole Earth Absortion Tomography

� Our present model of the EarthPREMDziewinski and Anderson

Core

Mantle

Inner core
0 2 4 6 8 10 12

L H103kmL

4

6

8

10

12

14

r
Hg

•c
m

3
L

� Based on:
– Astronomical data:M = 5 :9741024 kg, R = 6372 km, I=MR 2 = 0 :3308
– Data on Seismic velocities
– Data on Earth's free oscillations (mainly from big Earthquakes)
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Whole Earth Absortion Tomography

� Possible set ups

D
D

S

D

a) Multidirectional �ux b) High-energy c) Cosmic point

ATM � 0s neutrino beam source
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3

IceCube
¥World Largest Ice 

Cherenkov detector

¥60 optical 
sensor(DOM) per 
string deployed 
between 1450m to 
2450m

¥ConÞgurations

¥1string (2005)

¥9 strings(2006)

¥22strings(2007)

¥40strings(2008)

¥will be completed in 
2011 with 80strings

125m

Slide courtesy of F. Halzen
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Potential of ATM � 0s at Icecube
M.C.G-G, M. Maltoni, and F. Halzen H.Tanaka(08)

� Icecube is atSouth Pole) Tomographynot possible with point sources
� ATM � 0s are a guaranteed �ux

Expected Size of Effect Comparing with homogeneous density

R =
N � (E �n

� > E �n ;min
� ; cos�; � PREM )

N � (E �n
� > E �n ;min

� ; cos�; � hom )

-1 -0.8 -0.6 -0.4 -0.2
cos qn

0.5
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1.5

R
at

io

10 years

Level 2

-1 -0.8 -0.6 -0.4 -0.2
cos qn

Efin > 101.0 TeV

-1 -0.8 -0.6 -0.4 -0.2 0
cos qn

Efin > 101.5 TeV

) In 10 Years5� direct observationof the core.
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Decade latter: 2018
Donini, Palomares-Ruiz, Salvado Nature Phys (19)

Observed effect Reconstructed density Pro�le
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Summary

� ATM neutrinos:
– Free�ux of � e,�� e,� � ,�� �

– Firstevidenceof oscillatiations:� � disapperance
– First determinationof one� m2 andone mixing angle
– Broadest E range and broadest L range

) Best fortesting alternative NPoscillations

� Accelerator neutrinos:
– Prepaired�ux of � � or �� � with small known amount of� e or �� e

– Betterprecisionin osc parameters
– In 3� oscillationsbetter if external knowledge of� 13
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� Including non-standard neutrino NC interactions with fermion f

L NSI = � 2
p

2GF " fP
�� (�� �  � L� � )( �f  � P f ) ; P = L; R

� In �avour basis~� = ( � e; � � ; � � )T the neutrino evolution eq.:

i
d

dx
~� = H � ~� with H � = H vac + Hmat and H �� = ( H vac � Hmat ) �

H mat =
p

2GF Ne(r )

0

B
@

1 0 0
0 0 0
0 0 0

1

C
A +

p
2GF Ne(r )

0

B
@

" ee " e� " e�

" �
e� " �� " ��

" �
e� " �

�� " � �

1

C
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" �� (r ) �
X

f = ued

N f (r )
Ne(r )

" fV
�� ) 3� evolution depends on6 (vac) +8 perf (mat)
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� Including non-standard neutrino NC interactions with fermion f

L NSI = � 2
p

2GF " fP
�� (�� �  � L� � )( �f  � P f ) ; P = L; R

� In �avour basis~� = ( � e; � � ; � � )T the neutrino evolution eq.:

i
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dx
~� = H � ~� with H � = H vac + Hmat and H �� = ( H vac � Hmat ) �
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2GF Ne(r )
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" fV
�� ) 3� evolution depends on6 (vac) +8 perf (mat)

) Parameters degeneracies (some well-known but being rediscovered lately . . . )
In particular CPT) invariance under simultaneously:

� 12 $ �
2 � � 12 ;

� m2
31 ! � � m2

32 ;

� ! � � � ;

(" ee � " �� ) ! � (" ee � " �� ) � 2 ;

(" � � � " �� ) ! � (" � � � " �� ) ;

" �� ! � " �
�� (� 6= � ) ;
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Matter Potential/NSI in ATM and LBL
� Weakest constraints when
2 equal eigenvalues ofHmat
Friedland, Lunardini,Maltoni 04

� General parametrization for this case

H mat = Qrel Umat D mat Uy
mat Qy

rel

8
><

>:

Qrel = diag
�
ei � 1 ; ei � 2 ; e� i � 1 � i � 2

�
;

Umat = R12 (' 12 ) R13 (' 13 ) ;
D mat =

p
2GF Ne(r )diag( " ; 0; 0)



Concha Gonzalez-Garcia

Matter Potential/NSI in ATM and LBL
� Weakest constraints when
2 equal eigenvalues ofHmat
Friedland, Lunardini,Maltoni 04

� General parametrization for this case

H mat = Qrel Umat D mat Uy
mat Qy

rel

8
><

>:

Qrel = diag
�
ei � 1 ; ei � 2 ; e� i � 1 � i � 2

�
;

Umat = R12 (' 12 ) R13 (' 13 ) ;
D mat =

p
2GF Ne(r )diag( " ; 0; 0)

So even ifGF " Ne(r ) � � m2
31=2E

– � � ! � � as vacuum with
~� vac = � m 2

31 L
4E � f (� ij ; � ij )

– � e ! � �;� matter dominated

Pe� = cos2 � 13 sin2(2� 12 ) sin2
� p

2G F N e ( r ) " L
2

�

Pe� = cos2 � 12 sin2(2� 13 ) sin2
� p

2G F N e ( r ) " L
2

�
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Matter Potential/NSI in ATM and LBL
� Weakest constraints when
2 equal eigenvalues ofHmat
Friedland, Lunardini,Maltoni 04

� General parametrization for this case

H mat = Qrel Umat D mat Uy
mat Qy

rel

8
><

>:

Qrel = diag
�
ei � 1 ; ei � 2 ; e� i � 1 � i � 2

�
;

Umat = R12 (' 12 ) R13 (' 13 ) ;
D mat =

p
2GF Ne(r )diag( " ; 0; 0)

So even ifGF " Ne(r ) � � m2
31=2E

– � � ! � � as vacuum with
~� vac = � m 2

31 L
4E � f (� ij ; � ij )

– � e ! � �;� matter dominated

Pe� = cos2 � 13 sin2(2� 12 ) sin2
� p

2G F N e ( r ) " L
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�
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Maltoni, MCG-G, Salvado ArXiv:1103.4265
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NSI in GLOBAL ANALYSIS: BOUNDS

Esteban,Maltoni, MCG-G, ArXiv:1905.05203
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MAXIMUM EFFECT IN PRESENT LBL

Esteban,Maltoni, MCG-G ArXiv:1905.05203


